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Studies in the deaf suggest that cross-modal neuroplastic changes may vary across 
modalities. Only a handful of studies have examined motor capacities in the profoundly deaf. 
These studies suggest the presence of deficits in manual dexterity and delays in movement 
production. As of yet, the ability to learn complex sequential motor patterns has not been 
explored in deaf populations. The aim of the present study was to investigate the procedural 
learning skills of deaf adults. A serial reaction-time task (SRTT) was performed by 18 deaf 
subjects and 18 matched controls to investigate possible motor alteration subsequent to 
auditory deprivation. Deaf participants had various degrees of hearing loss. Half of the 
experimental group were early deaf adults mostly using hearing aids, the remaining half 
were late-deaf adults using a cochlear implant (CI). Participants carried out a repeating 12- 
item sequence of key presses along with random blocks containing no repeating sequence. 
Non-specific and sequence-specific learning was analyzed in relation to individual features 
related to the hearing loss. The results revealed significant differences between groups in 
sequence-specific learning, with deaf subjects being less efficient than controls in acquiring 
sequence-specific knowledge. We interpret the results in light of cross-modal plasticity and 
the auditory scaffolding hypothesis. 



Keywords: deafness, cochlear implant, hearing loss, motor learning, plasticity, sensory deprivation, serial reaction 
time task 



INTRODUCTION 

Studies in the deaf suggest that cross-modal neuroplastic changes 
may vary across modalities (Bavelier and Neville, 2002). Sen- 
sory and motor outcomes seem to lack uniformity, as they vary 
between the heightening and lowering of abilities (for a review, 
see Collignon etal, 2011). In the visual domain, deaf individ- 
uals manifest both better and worse visual skills than hearing 
controls. Bavelier etal. (2006) have proposed that changes in 
visual cognition are selective to those attentionally demanding 
aspects of vision that would normally benefit from auditory- 
visual convergence. In the motor domain, Savelsbergh et al. ( 1 99 1 ) 
have suggested that the lack of early auditory input could con- 
tribute to the motor delays in basic motor tasks observed in deaf 
children. Research has since shown that deaf children perform 
on average significantly worse than hearing children on differ- 
ent standardized tests of motor development (Dummer etal., 
1996; Gheysen etal., 2008). More specifically, several studies 
of motor capacities in deaf children have reported deficits in 
general dynamic coordination, visual-motor skills, balance, ball 
catching abilities, as well as slower reaction times and speed 
of movement execution (Wiegersma and Van der Velde, 1983; 
Savelsbergh etal, 1991; Siegel etal, 1991; Hartman etal, 2011). 
In deaf adults on the other hand, motor capacities have not 
been extensively explored, but some studies suggest normal 
visual-motor skills in deaf individuals who are native signers 
(Hauser et al, 2007). Higher-level motor processing has also been 
examined in deaf children. Schlumberger etal. (2004) reported 
that deaf children showed delays in the development of com- 
plex movement production and Conway etal. (2011a) revealed 



sequencing disturbances in deaf children's performance at a finger 
tapping task. However, as of yet, the ability to learn com- 
plex motor sequential patterns has not been explored in deaf 
populations. 

Several studies suggest that profound deafness may result in 
disturbances in non-auditory abilities related to serial order infor- 
mation (Knutson etal, 1991;Pisoni and Cleary, 2004; Horn etal., 
2005), although there is some debate as to whether auditory depri- 
vation is the basis of such disturbances (Thorpe et al., 2002; Lyness 
etal., 2013; Dye and Hauser, 2014). In particular, Conway etal. 
(2011b) have reported deficits of visual implicit learning abilities 
in deaf children on a color-sequence task. They have proposed 
that exposure to sound, a temporally arrayed signal, provides 
important experience with learning of sequential patterns in the 
environment (a sort of "auditory scaffolding") and that a lack of 
experience with sound at a young age may delay the development 
of domain-general processing skills of sequential patterns includ- 
ing non-auditory abilities (Conway etal., 2009). Considering the 
findings of motor deficits along with disturbances in non-auditory 
complex sequencing in deaf children, sequential motor learning 
skills may also be affected by deafness. Moreover, higher-level 
motor processing skills have only been tested in deaf children. 
The adult deaf population offers the opportunity to investigate 
whether motor learning deficits are also present at an adult age 
and if other factors, such as age of onset of the hearing loss, 
the duration of auditory deprivation period or the use of com- 
pensatory technologies to restore auditory function (i.e., use of 
a hearing-aid or a CI) modulate motor skill acquisition during 
development. 
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The aim of this study was to investigate the procedural learning 
skills of deaf adults. Motor capacities in profoundly deaf adults 
was assessed with the serial reaction time task (SRTT: Nissen and 
Bullemer, 1987). The SRTT, a choice reaction time task, requires 
participants to indicate the position of a visual stimulus through 
a motor action. Visual stimuli appear at one of several spatial 
locations and participants are required to indicate this location 
through motor movement as quickly as possible. The experimen- 
tal design contains a sequence of visual stimuli, which is repeated. 
Participants are naive to this experimental parameter. The SRTT is 
believed to involve two types of learning: sequence-specific learn- 
ing and non-specific learning. The former is measured through 
reaction time improvement following the repetition of the visual- 
motor sequence. The latter is considered to be a general decrease in 
reaction time throughout the task. Beyond examining if the gen- 
eral delays in motor tasks observed in deaf individuals are related 
to procedural learning, the many features of hearing loss that 
might be responsible for increased or decreased motor learning 
(i.e., the duration of auditory deprivation, the nature, degree and 
age of onset of sensory loss and the duration of profound deafness 
without using hearing devices) were also investigated. 

MATERIALS AND METHODS 
PARTICIPANTS 

Eighteen deaf individuals with various degrees of hearing loss (6 
males and 12 females) aged 20-65 (mean age = 36) were recruited 



for this study. An equal number of normal-hearing control partic- 
ipants matched for age and sex served as controls. All participants 
were right-handed. All deaf participants had a severe to profound 
(auditory detection threshold beyond 71 dB HL) bilateral sen- 
sorineural hearing loss. Nine participants had a CI. No participant 
had two CIs. For all deaf individuals using a CI and control sub- 
jects, pure-tone detection thresholds were within normal limits 
(30 dB HL or less) at octave frequencies ranging from 250 to 
6000 Hz. As for the other deaf individuals, all except three indi- 
viduals (Dl, D3, and D7) were routinely using hearing devices. 
Auditory performance with hearing devices appeared to be greatly 
variable, from being only able to detect loud sounds, to being 
able to identify monosyllabic words without visual cues. Table 1 
presents the clinical profile of the deaf participants. All participants 
gave their written informed consent and the ethics committee of 
the Faculty of Medicine of the University of Montreal approved 
the protocol. 

PROCEDURE AND STIMULI 

The SRTT was presented on a computer with SuperLab software 
(version 4.5.3; Cedrus, San Pedro, CA, USA). The task consisted 
of the visual presentation of four horizontally aligned dots. Each 
dot represented a number from 1 to 4 on the computer's keyboard. 
The left-most dot was associated with " 1 ," the second left-most dot 
was associated with "2," the second right-most dot was associated 
with "3," and the right-most dot was associated with "4" on the 



Table 1 | Clinical profile of the deaf participants. 



Subjects 


Sex 


Age 


Age at onset of 


Cause of 


Deafness 


Duration of deafness 


Principal mode of 


Duration of 








deafness (years) 


deafness 


duration 
(years) 


without using hearing 
devices (years) 


communication 


CI use 


D1 


F 


25 


0 (Congenital) 


Hereditary 


25 


25 


Manual 




D2 


M 


32 


0 (Congenital) 


Hereditary 


32 


0 


Manual 




D3 


M 


20 


0 (Congenital) 


Hereditary 


20 


20 


Manual 




D4 


F 


30 


0 (Congenital) 


Hereditary 


30 


3 


Oral 




D5 


F 


45 


0-22 (Progressive) 


Hereditary 


45 


0 


Oral 




D6 


F 


33 


0 (Congenital) 


Ototoxicity 


33 


3 


Oral 




D7 


F 


47 


0 (Congenital) 


Anoxia 


47 


7 


Oral 




D8 


F 


26 


0 (Congenital) 


Ototoxicity 


26 


0 


Oral 




D9 


F 


28 


0 (Congenital) 


Unknown 


6 


0 


Oral 




CIO 


F 


34 


14-29 (Progressive) 


Hereditary 


20 


3 


Oral 


5 


CM 


F 


64 


19-55 (Progressive) 


Hereditary 


45 


1 


Oral 


9 


CI2 


F 


25 


9-16 (Progressive) 


Hereditary 


16 


1 


Oral 


9 


CI3 


M 


53 


39^14 (Progressive) 


Unknown 


14 


0 


Oral 


9 


CI4 


F 


38 


7-31 (Progressive) 


Unknown 


31 


1 


Oral 


7 


CI5 


F 


36 


21-27 (Progressive) 


Unknown 


15 


1 


Oral 


9 


CI6 


M 


23 


5-18 (Progressive) 


Hereditary 


18 


1 


Oral 


5 


CI7 


M 


66 


22-58 (Progressive) 


Meningitis 


44 


0 


Oral 


8 


CI8 


M 


25 


9-16 (Progressive) 


Hereditary 


16 


1 


Oral 


9 



D = deaf individual without cochlear implant; CI = cochlear implant user. 
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computer keyboard. The visual stimuli, in this case asterisks, var- 
ied from the four possible positions. The apparition of an asterisk 
in one of the four positions indicated which key to press. Partic- 
ipants were told to press the key on the keyboard corresponding 
to the position of the asterisk as fast as possible with the appro- 
priate finger (for the right hand: index at position 1, middle finger 
at position 2, ring finger at position 3, and little finger at posi- 
tion 4). The asterisk changed position only when the correct key 
was pressed. When the participant made a mistake, the stimulus 
stayed at the same position until the participant gave the correct 
answer. 

The task consisted of 14 blocks to be completed with the right 
hand. For each block, twelve finger positions designated by aster- 
isks were presented (ex: to represent a key press by the middle 
finger). Each block consecutively displayed 12 such sequences. 
Some blocks presented a random sequence of key-press stimuli, 
whereas others followed a predetermined sequence corresponding 
to the following positions: 4-2-3-1-1-3-2-1-3-4-2-4. The task 
included an initial practice block of random-order key presses 
(Rl) to familiarize participants with the task. A second block 
of random-order key presses (R2) was used to determine initial 
performance. Following these two initial blocks, 10 trials of the 
predetermined sequence order (A1-A10) were presented with a 
random block (R3) inserted between A5 and A6. One last block 
of random-order key presses (R4) followed A1-A10 and R3. The 
reaction time, defined as the mean time taken by participants to 
press the correct key, was measured for each block. 

DATA ANALYSIS 

The learning effect was calculated as the difference in reaction time 
between the first (Al) and the last block (A10) of the repeated pre- 
determined sequence blocks. Non-specific learning was calculated 
as the difference in reaction time between the second (R2) and 
last random blocks (R4). To eliminate any learning effect that 
may arise due to habituation during task execution and to mea- 
sure sequence-specific learning, the difference in reaction times 
between the last random block (R4) and the sequential block that 
preceded it (A10) was calculated. An analysis of variance based on 
groups, block variables, and the sequence type (repeated vs. ran- 
dom) was performed. To examine if control and deaf individuals 
had similar improvements following training, we examined the 
percent change in median reaction times between the first and last 
training blocks [(Al— A10)/A1]. Percent change in median reac- 
tion times in the last block of the repeating sequence relative to the 
subsequent random block [(A10— R4)/A10] was also calculated. 

Mean number of errors (wrong key presses) was also calcu- 
lated to ensure stable overall accuracy during the course of the 
experiment. Finally, the performance level of deaf individuals was 
examined in relation with the characteristics of the hearing loss. 

RESULTS 

REACTION TIME IN SEQUENCE AND RANDOM BLOCKS 

Performance at the SRTT is shown in Figure 1. As expected, both 
groups showed progressive decreases in reaction time between 
the first (Al) and the last training block (A10; Figure 1A). Both 
groups showed explicit non-specific learning (R2-R4) and showed 
sequence-specific learning when controlling for task exposure 



(A10-R4; Figure 1A). Analysis confirmed that both groups 
showed some level of motor learning during the task. Signifi- 
cant differences in reaction times were found for each group when 
comparing blocks A1-A10 (Control: t u = 8,536; P < 0.001; Deaf: 
tn = 5,853; P < 0.001), R2-R4 (Control: tyj = 3,059; P = 0.007; 
Deaf: t v = 2,947; P = 0.009), and R4-A10 (Control: h 7 = 13,802; 
P < 0.001; Deaf: tyj = 10,213; P < 0.001). 

Further analyses were conducted to explore possible group dif- 
ferences. An analysis of variance with group (control; deaf) as 
between subjects factor and training block (Al-10) as a within- 
subjects factor was conducted. The main effect of group on median 
reaction times was not significant (^1,34 = 1.722; P = 0.198; 
r|p = 0.048). As expected, there was a main effect for train- 
ing block (F lj34 = 36.114, P < 0.001, T)£ = 0.515) and the 
interaction between factors was not significant (F134 = 1.127, 
P = 00.343, r|p = 0.032). An analysis of variance with group 
(control; deaf) as between-subjects factor and random block (Rl, 
R2, R3, and R4) as a within-subjects factor was also conducted. 
Again, the main effect of group on median reaction times was 
not significant (_F 1>34 = 1.272; P = 0.267; r\* = 0.036). There 
was a main effect for training block (F134 = 21.018, P < 0.001, 
r|p = 0.382) and the interaction between factors was not significant 
(F 1;34 = 0.556, P = 0.645, = 0.016). There was no group dif- 
ference in mean response accuracy during the task (-F134 = 0.128; 
P = 0.723). 

PERCENT CHANGE IN REACTION TIME: NON-SPECIFIC AND SPECIFIC 
EFFECT OF LEARNING 

In order to determine which of the conditions was different 
between groups, we then performed two separate ANOVAs. The 
effect of the training block (i.e., non-specific effect of learn- 
ing) was not significant when percent change in reaction times 
[(Al— A10)/A1] for each participant was used to compute a 
between-group (control; deaf) analysis of variance (F134 = 0.894; 
P = 0.351; Figure IB). This indicates that control and deaf indi- 
viduals improved similarly after 10 training blocks. In opposition, 
the results suggest that deaf individuals benefited significantly less 
than controls from 10 training blocks of a repeating sequence 
relative to the subsequent random block (i.e., specific effect of 
learning). Indeed, the sequence-specific effect of learning was sig- 
nificant when percent change in reaction times [(A10— R4)/A10] 
for each participant was used to compute the analysis of variance 
(1=1,34 = 12.682; P = 0.001; Figure IB). 

The performance level of deaf individuals was examined fur- 
ther in relation with CI use. The non-specific effect of learning 
(_Fi ; i6 = 0.515; P = 0.484) and the sequence-specific effect of 
learning (-Fi,i6 = 0.014; P = 0.907) were not significant when 
percent change in reaction times for each participant was used to 
compute between-group (CI users; non-users) analysis of variance 
(Figure 1C). Finally, we also examined the results in relation to 
the characteristics of the hearing loss. After correcting for multiple 
comparisons (corrected p-value = 0.0125), there were no signifi- 
cant relationships between the sequence-specific effect of learning 
and the characteristic of the hearing loss, including the duration 
of deafness, the age at onset of hearing loss or the duration of 
profound hearing loss for individuals not using a hearing device 
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FIGURE 1 | Results on the serial reaction time task in controls (n = 18) 
and in deaf individuals (n = 18). (A) Response time (RT) in random and 
sequence blocks during the SRTI The abscissa shows block type in 
temporal order, and the ordinate shows median RT. Note the significant, 
progressive RT shortening in sequence A (A1-A10 blocks) as well as the 
significant sequence-specific learning when controlling for task exposure 
(A10-R4) in both groups. (B)This panel depicts similar RT reductions (in 



percent change) in control relative to the deaf after 10 training blocks (A1 
vs. A10).The histogram, however, illustrates the significantly greater 
sequence-specific RT increase (in percent change) from the last training 
block (A10) to the immediately following random block (R4) in control 
relative to the deaf Individuals. (C) Individual results of the control and the 
deaf with or without a cochlear implant (CI). Group averages are shown 
with horizontal bars. (*) Corresponds to P < 0.001. 



(i.e., hearing aid or CI). There was also no significant relationship 
between the sequence-specific effect of learning and the duration 
of CI use. 

DISCUSSION 

In the present study, the SRTT was used to investigate whether 
procedural motor learning differs in the deaf compared to hear- 
ing individuals. Although we recognize that the SRTT has both 
motor and perceptual learning components, we hold, in agree- 
ment with Willingham (1999) and Deroost and Soetens (2006), 
that the task concerns primarily motor learning. Research has 
shown perceptual learning to be rather limited and secondary 
to response-related learning in complex sequencing tasks (Kelly 
and Burton, 2001; Remillard, 2003; Deroost and Soetens, 2006). 
Moreover, a recent study by Hallgato etal. (2013) has provided 
evidence of differential consolidation of perceptual and motor 
learning at a modified SRTT, with motor knowledge transfer- 
ring more effectively than perceptual knowledge with time. Their 
results further support the notion that motor learning plays a pri- 
mary role in sequential learning. Motor learning was observed 



amongst participants of both groups in our study. A significant 
difference was measured for reaction times between the first (Al) 
and last blocks (A10) of the repeated sequence but also between 
the last repeated sequence block (A10) and the last random block 
(R4). The difference between A10 and R4 indicates sequence- 
specific learning on this motor task, while eliminating any learning 
effect due to habituation and knowledge of the task. A non- 
specific learning effect was measured by a decrease in reaction 
time between the second (R2) and last random blocks (R4). This 
reaction time difference between R2 and R4 was significant for 
both groups, which likely reflects an improvement of the skill 
involved in selecting and pressing the correct keys throughout 
the experimentation (Willingham, 1999). Yet, although no sig- 
nificant difference was found between deaf and hearing subjects 
for the training blocks, it should be mentioned that the reported 
effect sizes suggest some differences may be present, but obscured 
by variability. Beside this lack of evidence on baseline reaction 
time for both groups, a significant difference was observed when 
we compared the two groups in sequence-specific learning; par- 
ticipants in the deaf group were significantly less efficient than 
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controls in acquiring sequence-specific knowledge. There were no 
correlations between task performance in the deaf group and other 
characteristics of the hearing loss. 

Our results stress the importance of acquiring knowledge on the 
motor reorganization that occurs following a period of prolonged 
deafness. The current body of research studying how deafness 
alters the perception of the external world suggests that a pro- 
longed period of deafness can lead to significant alterations in 
sensory processing (for a review, see Bavelier and Neville, 2002; 
Collignon etal., 2011). Until now, deafness rehabilitation meth- 
ods have reflected these findings and have generally been met with 
success. Research data, particularly in the visual domain, have 
helped in predicting functional outcomes on an individual basis 
prior to cochlear implantation (e.g., Giraud and Lee, 2007; Lee 
etal, 2007; Buckley and Tobey, 2011; Sandmann etal, 2012). 
Research data have also allowed more effective patient counsel- 
ing and expectation management. Moreover, these data have led 
to the understanding of why some individuals make better use of 
their CI following surgical implantation while others struggle in 
very specific perceptual situations (see Landry et al, 2012). 

The results reported in this study are in agreement with 
what has been found in previous studies examining sequential 
learning in the deaf. According to Conway etal. (2011b), deaf 
individuals are less skilled at learning implicit sequences, but per- 
form normally in explicit non-specific learning. These authors 
showed evidence of this phenomenon for visual implicit sequence 
learning. Importantly, visual sequential abilities correlated with 
duration of auditory exposure; greater auditory exposure led to 
improved skills for sequential processing. Conway etal. (2009) 
have proposed that exposure to sounds at a young age supports the 
learning and representation of sequential patterns and have termed 
the role of sound in the development of sequencing abilities 
the "auditory scaffolding" hypothesis. According to this assump- 
tion, auditory scaffolding is absent in individuals with congenital 
profound deafness. This absence would thus result in brain reor- 
ganization and disturbance to non-auditory sequencing abilities. 
The experimental group in this study and the study by Conway 
etal. (2011b) did not share the same characteristics of deafness, 
however. Participants in their study were children between the 
ages of 5 and 10 with a CI. The participants in the present study 
were all adults over 20 years of age with heterogeneous audiolog- 
ical profiles. Most importantly, only half of the participants were 
using a CI and seven of the nine remaining participants were fitted 
with hearing aids. Still, the procedural learning difficulty reported 
here in deaf adults using various hearing aids technology corrob- 
orates the auditory scaffolding hypothesis as derived using data 
from children with CIs. 

The possible factors explaining performance in the deaf should 
be interpreted cautiously. In the present study, all deaf partici- 
pants without a CI acquired deafness before the age of six and all 
deaf participants with a CI acquired deafness after the age of five 
(range 5-39 years old). However, all except two participants had 
more than 15 years of hearing loss and only two had more than 
seven years of profound deafness without using hearing devices. 
In that regard, CI users and non-users were identical. Relation- 
ship between learning performance and the use of a CI is also 
difficult to interpret. Indeed, all participants were implanted at 



least at 15 years of age and the duration of CI use was very similar 
across individuals (between 5 and 9 years). Due to the similar time 
frame of these two variables, distinguishing between the duration 
of CI use and the impact of the age at the moment of the cochlear 
implantation is also impossible to determine. 

This study shows that deafness can lead to problems in sequence 
processing that may reflect deficits in motor learning. This con- 
tributes to the small but growing literature on sequence processing 
and sequence learning and the role of audition in shaping such pro- 
cesses. In order to support the implication of each features of the 
hearing loss in procedural learning, however, further experiments 
comprising of deaf individuals with various degrees of language 
exposure (see Lyness etal., 2013) and auditory exposure will be 
needed. 

ACKNOWLEDGMENTS 

This work was supported by grants from the National Sciences and 
Engineering Research Council of Canada (NSERC) and the Fonds 
de Recherche du Quebec - Sante (FRQS). We also thank Simon 
Landry for his help in revising the manuscript. 

REFERENCES 

Bavelier, D., Dye, M. W., and Hauser, P. C. (2006). Do deaf individuals see better? 

Trends Cogn. Sd.10, 512-518. doi: 10.1016/j.tics.2006.09.006 
Bavelier, D., and Neville, H. J. (2002). Cross-modal plasticity: where and how? Nat, 

Rev. Neurosci. 3, 443-452. doi:10.1038/nrn848 
Buckley, K. A., and Tobey, E. A. {20 11). Cross-modal plasticity and speech perception 

in pre- and postlingually deaf cochlear implant users. Ear Hear. 32, 2-15. doi: 

10.1097/AUD.0b013e3181e8534c 
Collignon, O., Champoux, R, Voss, P., and Lepore, F. (201 1). Sensory rehabilitation 

in the plastic brain. Prog. Brain Res. 191, 211-231. doi: 10.1016/B978-0-444- 

53752-2.00003-5 

Conway, C. M., Pisoni, D. B., and Kronenberger, W. G. (2009). The importance 

of sound for cognitive sequencing abilities: the auditory scaffolding hypothesis. 

Curr. Dir. Psychol. Sci. 18,275-279. doi: 10.1111/j.l467-8721.2009.01651.x 
Conway, C. M., Karpicke, J., Anaya, E. M., Henning, S. C, Kronenberger, W. 

G., and Pisoni D. B. (2011a). Nonverbal cognition in deaf children following 

cochlear implantation: motor sequencing disturbances mediate language delays. 

Dev. Neuropsychol. 36,237-254. doi: 10.1080/87565641.2010.549869 
Conway, C. M., Pisoni, D. B., Anaya, E. M., Karpicke, J., and Henning, S. C. (2011b). 

Implicit sequence learning in deaf children with cochlear implants. Dev. Sci 14, 

69-82. doi: 10.1111/j.l467-7687.2010.00960.x 
Deroost, N., and Soetens, E. (2006). Perceptual or motor learning in SRT tasks with 

complex sequence structures. Psychol. Res. 70, 88-102. doi: 10.1007/s00426-004- 

0196-3 

Dummer, G. M., Hauben Strieker, J. L., and Stewart, D. A. (1996). Motor skill 

performances of children who are deaf. Adapt. Phys. Activ. Q. 13, 400-414. 
Dye, M. W., and Hauser, P. C. (2014). Sustained attention, selective attention and 

cognitive control in deaf and hearing children. Hear. Res. 309, 94-102. doi: 

10.1016/j.heares.2013. 12.001 
Gheysen, E, Loots, G., and Van Waelvelde, H. (2008). Motor development of deaf 

children with and without cochlear implants. /. Deaf Stud. DeafEduc. 13, 215-224. 

doi: 10.1093/deafed/enm053 
Giraud, A. L., and Lee, H. J. (2007). Predicting cochlear implant outcome from brain 

organisation in the deaf. Restor. Neurol. Neurosci. 25, 381-390. 
Hallgato, E., Gyori-Dani, D., Pekar, J., Janacsek, K., and Nemeth, D. (2013). The 

differential consolidation of perceptual and motor learning in skill acquisition. 

Cortex. 49, 1073-1081. doi: 10.1016/j.cortex.2012.01.002 
Hartman, E., Houwen, S., and Visscher, C. (2011). Motor skill performance and 

sports participation in deaf elementary school children. Adapt. Phys. Activ. Q. 28, 

132-145. 

Hauser, P. C, Cohen, J., Dye, M. W., and Bavelier, D. (2007). Visual constructive and 
visual-motor skills in deaf native signers. /. Deaf Stud. DeafEduc. 12, 148-157. 
doi: 10.1093/deafed/enl030 



Frontiers in Human Neuroscience 



w w w.f ro n t i ersin.org 



May 2014 | Volume 8 | Article 343 | 5 



Levesque etal 



Motor learning in the deaf 



Horn, D. L., Davis R. A. O., Pisoni D. B., and Miyamoto R. T. (2005). Development 

of visual attention skills in prelingually deaf children who use cochlear implants. 

Ear Hear. 26,389^08 doi: 10.1097/00003446-200508000-00003 
Kelly, S. W., and Burton, A. M. (2001). Learning complex sequences: no role for 

observation? Psychol. Res. 65, 15-23. doi: 10.1007/s004260000034 
Knutson J. R, Hinrichs J. V., Tyler R. S., Gantz B. J., Schartz H. A., and Woodworth 

G. (1991). Psychological predictors of audiological outcomes of multichannel 

cochlear implants. Ann. Otol. Rhinol. Laryngol. 100, 817-822. 
Landry, S., Levesque, J., and Champoux, R (2012). Brain plasticity an 

obstacle for cochlear implant rehabilitation. Hear. J. 65, 18-20. doi: 

10.1097/01.HJ.0000418173.52449.C0 
Lee, H. J., Giraud, A. L., Kang, E., Oh, S. H., Kang, H., Kim, C. S., etal. (2007). 

Cortical activity at rest predicts cochlear implantation outcome. Cereb. Cortex 17, 

909-917. doi: 10.1093/cercor/bhlOOl 
Lyness, C. R., Woll, B., Campbell, R., and Cardin, V. (2013). How does 

visual language affect crossmodal plasticity and cochlear implant success? 

Neurosci. Biobehav. Rev. 37, 2621-2630. doi: 10.1016/j.neubiorev.2013. 

08.011 

Nissen, M. J., and Bullemer, P. (1987). Attentional requirements of learn- 
ing: evidence from performance measures. Cogn. Psychol. 19, 1-32. doi: 
10.1016/0010-0285(87)90002-8 

Pisoni, D. B., and Cleary, M. (2004). "Learning, memory, and cognitive processes in 
deaf children following cochlear implantation," in Springer Handbook of Auditory 
Research: Auditory Prosthesis, SHAR, eds F. G. Zeng, A. N. Popper, and R. R. Fay 
(New York, NY: Springer), 377-426. 

Remillard, G. (2003). Pure perceptual-based sequence learning. /. Exp. 
Psychol Learn. Mem. Cogn. 29, 581-597. doi: 10.1037/0278-7393.29. 
4.581 

Sandmann, P., Dillier, N., Eichele, T., Meyer, M., Kegel, A., Pascual-Marqui, 
R. D., etal. (2012). Visual activation of auditory cortex reflects maladaptive 
plasticity in cochlear implant users. Brain 135, 555-568. doi: 10.1093/brain/ 
awr329 



Savelsbergh, G. J., Netelenbos, J. B., and Whiting, H. T. ( 1 99 1 ) . Auditory perception 
and the control of spatially coordinated action of deaf and hearing children. /. 
Child Psychol. Psychiatry 32,489-500. doi: 10.1111/j.l469-7610.1991.tb00326.x 

Schlumberger, E., Narbona, J., and Manrique, M. (2004). Non-verbal development 
of children with deafness with and without cochlear implants. Dev. Med. Child 
Neurol. 46, 599-606. doi: 10.1111/j.l469-8749.2004.tb01023.x 

Siegel, J. C, Marchetti, M., and Tecklin, J. S. (1991). Age-related balance changes in 
hearing-impaired children. Phys. Ther. 71, 183-189. 

Thorpe, A. M., Ashmead, D. H, and Rothpletz, A. M. (2002). Visual attention 
in children with normal hearing, children with hearing aids, and children with 
cochlear implants. /. Speech Lang. Hear. Res. 45, 403-413. doi: 10.1044/1092- 
4388(2002/032) 

Wiegersma, P. H., and Van der Velde, A. (1983). Motor development of deaf children. 

/. ChildPsychol. Psychiatry 24, 103-111. doi: 10.1111/j.l469-7610.1983.tb00107.x 
Willingham, D. B. (1999). Implicit motor sequence learning is not purely perceptual. 

Mem. Cogn. 27, 561-572. doi: 10.3758/BF03211549 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 31 January 2014; accepted: 05 May 2014; published online: 22 May 2014. 
Citation: Levesque J, Theoret H and Champoux F (2014) Reduced procedural motor 
learning in deaf individuals. Front. Hum. Neurosci. 8:343. doi: 10.3389/fnhum.2014. 
00343 

This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2014 Levesque, Theoret and Champoux. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



May 2014 | Volume 8 I Article 343 I 6 



